Objective: The purpose of this study was to estimate perfusion metrics in healthy and cirrhotic liver with pharmacokinetic modeling of high-temporal resolution reconstruction of continuously acquired free-breathing gadolinium-ethoxybenzyldiethylenetriamine pentaacetic acid-enhanced acquisition in patients undergoing clinically indicated liver magnetic resonance imaging. Subjects and Methods: In this Health Insurance Portability and Accountability Act-compliant prospective study, 9 cirrhotic and 10 noncirrhotic patients underwent clinical magnetic resonance imaging, which included continuously acquired radial stack-of-stars 3-dimensional gradient recalled echo sequence with goldenangle ordering scheme in free breathing during contrast injection. A total of 1904 radial spokes were acquired continuously in 318 to 340 seconds. High-temporal resolution data sets were formed by grouping 13 spokes per frame for temporal resolution of 2.2 to 2.4 seconds, which were reconstructed using the goldenangle radial sparse parallel technique that combines compressed sensing and parallel imaging. High-temporal resolution reconstructions were evaluated by a board-certified radiologist to generate gadolinium concentration-time curves in the aorta (arterial input function), portal vein (venous input function), and liver, which were fitted to dual-input dual-compartment model to estimate liver perfusion metrics that were compared between cirrhotic and noncirrhotic livers. Results: The cirrhotic livers had significantly lower total plasma flow (70.1 ± 10.1 versus 103.1 ± 24.3 mL/min per 100 mL; P < 0.05), lower portal venous flow (33.4 ± 17.7 versus 89.9 ± 20.8 mL/min per 100 mL; P < 0.05), and higher arterial perfusion fraction (52.0% ± 23.4% versus 12.4% ± 7.1%; P < 0.05). The mean transit time was higher in the cirrhotic livers (24.4 ± 4.7 versus 15.7 ± 3.4 seconds; P < 0.05), and the hepatocellular uptake rate was lower (3.03 ± 2.1 versus 6.53 ± 2.4 100/min; P < 0.05). Conclusions: Liver perfusion metrics can be estimated from free-breathing dynamic acquisition performed for every clinical examination without additional contrast injection or time. This is a novel paradigm for dynamic liver imaging.
D
ynamic contrast-enhanced (DCE) T1-weighted magnetic resonance imaging (MRI) of the abdomen with high temporal resolution can assess hemodynamics in tumors and organs to generate important physiologic metrics of tissue perfusion. [1] [2] [3] [4] Metrics of DCE MRI are being developed for specific organs, such as glomerular filtration rate in the kidney. 5, 6 Similarly, several studies have shown the utility of liver perfusion metrics obtained with DCE MRI in the diagnosis of advanced liver fibrosis, 7, 8 assessment of portal flow, 9,10 and evaluation of liver tumors. 11, 12 The use of a hepatobiliary contrast agent such as gadolinium-ethoxybenzyl-diethylenetriamine pentaacetic acid (Gd-EOB-DTPA) can potentially provide additional information about liver function in health and disease, thus vastly increasing the capabilities of DCE MRI in the evaluation of liver diseases. [13] [14] [15] [16] [17] [18] Despite potential for providing valuable diagnostic information, these techniques are not implemented in clinical practice because of numerous barriers to clinical use. Chief among these is the complexity of acquisition scheme due to necessary trade-offs between temporal resolution, volumetric coverage, and spatial resolution, and the need to acquire data within a breath-hold. High temporal resolution necessary for perfusionweighted imaging (PWI) limits the volumetric coverage or spatial resolution, whereas sufficiently large volumetric coverage and high spatial resolution are necessary for clinical morphologic assessment of the liver to diagnose and characterize focal liver lesions.
One solution is to perform 2 separate postcontrast acquisitions, one with high spatial resolution and the other with high temporal resolution, either in the same setting or in a different setting. 19 However, such a scheme is difficult to implement clinically because of additional imaging time and the need for additional contrast injection. Furthermore, a 2-injection technique in a same imaging session is not possible when using a hepatobiliary contrast agent such as Gd-EOB-DTPA, which has hepatocyte uptake and is retained in the liver for a considerable period after the initial injection. Additional challenges of imaging with Gd-EOB-DTPA include low volume of injected contrast, low gadolinium dose and concentration, and respiratory motion possibly secondary to contrast agent-associated dyspnea. 20, 21 A recently introduced free-breathing radial acquisition scheme paired with a reconstruction method that combines compressed sensing and parallel imaging called golden-angle radial sparse parallel (GRASP) offers a potential solution to many of the problems of the current technology. 22, 23 With this approach, dynamic k-space data are acquired continuously in free breathing and reconstructed retrospectively with flexible temporal resolution by grouping different numbers of consecutive spokes in each single dynamic frame. Larger numbers of spokes can be combined to achieve temporal resolution necessary for morphologic evaluation, 22 whereas smaller number of spokes from the same data can be combined to achieve higher temporal resolution necessary for performing pharmacokinetic modeling (Fig. 1) . Thus, PWI can be performed in every case without additional acquisition time or contrast injection. The aim of this study was to test the feasibility of estimating perfusion metrics in healthy and cirrhotic livers with pharmacokinetic modeling of high-temporal resolution reconstruction of continuously acquired free-breathing Gd-EOB-DTPA-enhanced acquisition in patients undergoing clinically indicated liver MRI.
MATERIALS AND METHODS
In this Health Insurance Portability and Accountability Actcompliant institutional review board-approved prospective study, patients scheduled for clinically indicated Gd-EOB-DTPA-enhanced liver MRI from January 1, 2014 to April 30, 2014, were recruited to undergo free-breathing dynamic imaging of the liver with GRASP instead of conventional breath-hold Cartesian acquisition. The following are the inclusion criteria: patients scheduled to undergo clinical liver magnetic resonance (MR) examination with hepatobiliary contrast agent on a scanner equipped to perform GRASP acquisition for either evaluation of patients with liver cirrhosis or evaluation of known or suspected focal liver lesions in patients without history of chronic liver disease and no liver function abnormality.
Patients
Nineteen consecutive patients (10 women [mean age, 54.8 years; range, 33.2-86.6 years] and 9 men [mean age, 50.7 years; range, 36.9-61.6 years]) agreed to participate in the study. Nine patients underwent imaging for liver cirrhosis that was documented on prior imaging, and 10 patients without history of chronic liver disease had known or possible focal liver lesion.
Magnetic Resonance Imaging
Magnetic resonance imaging was performed on a 1.5-T clinical system (Siemens MAGNETOM Avanto; Erlangen, Germany) using body and spine phased-array coils. All subjects underwent axial breathhold T1 gradient recalled echo in and out of phase, axial breath-hold fat-suppressed T2 turbo spin echo, axial diffusion-weighted imaging in free breathing, and coronal breath-hold T2 half Fourier acquisition single-shot turbo spin echo acquisitions before contrast administration. Radial stack-of-stars 3-dimensional gradient recalled echo sequence with golden-angle ordering scheme was then performed in free breathing during which intravenous contrast was injected. A total of 1904 radial spokes were acquired continuously in 318 to 340 seconds with the following parameters: slice thickness, 3 mm; flip angle, 12 degrees; field of view, 385 Â 385 mm Intravenous injection of 10-mL Gd-EOB-DTPA (Eovist; Bayer HealthCare) was begun 20 seconds after commencement of scanning via a power injector at a rate of 1 mL/s, followed by a 20-mL saline flush also at a rate of 1 mL/s.
GRASP Reconstruction
Dynamic GRASP reconstructions were performed off-line on an external multicore server. Raw data were automatically transferred to this dedicated server using storage and transfer software developed in-house. The GRASP reconstruction, as previously described, uses a parallel computing approach to achieve sufficient reconstruction speed, where multiple slices are reconstructed in parallel after an inverse Fourier transform along the partition dimension. [23] [24] [25] Temporal finite differences (or temporal total variation) are used as a sparsifying transform, and the reconstruction algorithm enforces joint multicoil sparsity to effectively combine compressed sensing and parallel imaging. To achieve sufficiently high reconstruction speed, the GRASP algorithm was implemented as a stand-alone application on the Linux operating system using the C++ programming language. The reconstructed images were saved as DICOM files using the libraries provided by the DCMTK package (OFFIS, Oldenburg, Germany). Image orientation and relevant patient information were extracted from the header of the raw-data file and written into the corresponding DICOM tags.
Two sets of reconstructions were performed from each set of raw data:
(1) Consecutive 55 spokes were grouped together into 1 dynamic image frame for temporal resolution of approximately 10 seconds (similar to temporal resolution of DCE conventional breath-hold acquisitions for our morphologic liver MR protocol). These images were sent to picture archiving and communication system for clinical evaluation. (2) Thirteen consecutive spokes were grouped together for temporal resolution of 2.2 to 2.4 seconds. These high-temporal resolution data were used for pharmacokinetic modeling.
Image Analysis
The high-temporal resolution data (reconstructed from grouping the 13 consecutive spokes) in DICOM format were transferred to an MS Windows workstation running an in-house-developed image analysis software (FireVoxel, http://files.nyu.edu/hr18/public). Targeted image coregistration of the whole liver across different time points was performed. 24 A board-certified radiologist with more than 6 years of experience in MRI interpretation performed the image analysis. Venous input function and arterial input function signal-intensity time curves were generated by placing free-hand regions of interest (ROIs) in the main portal vein (at the level of the porta hepatis) as well as the proximal abdominal aorta (at the level of the celiac axis) on a single slice at 1 time point and were propagated through the dynamic series. The right lobe of the liver was similarly sampled by placing a large ROI on multiple (approximately 8-10) consecutive transverse slices (average volume of 50 mL), excluding large vessels, to generate liver signal FIGURE 1. Schematic of 2 sets of GRASP reconstruction from the same continuous contrast-enhanced radial acquisition. Reconstruction from grouping the 55 spokes per dynamic frame achieved temporal resolution of approximately 10 seconds, which was used for morphologic assessment. The GRASP reconstruction from grouping the 13 spokes per frame achieved temporal resolution of 2.2 to 2.4 seconds, which was used for pharmacokinetic modeling.
intensity-time curves over the ROI. Concentrations were calculated as C(t) = (S(t)/S0-1)/HCT, where S(t) is the postcontrast signal intensity and S 0 is the precontrast signal intensity, and fixed hematocrit level (HCT) of 45% was assumed. 25 
Dual-Input Dual-Compartment Model
Gadolinium-concentration curves were fitted to a dual-input dual-compartment (DIDC) model as proposed by Sourbron et al. 25 The primary model parameters consist of arterial and venous plasma flows (Fa and Fv), extracellular volume (Ve), and hepatocellular (intracellular) uptake rate (Ki). The delay between abdominal aorta and hepatocytes (Ta) was fixed to a maximum of 5 seconds. 25 For each possible value of parameter Ta = [0, 5 seconds], with increment of 1 second, a separate optimization was performed and the optimal result was chosen from the set of generated solutions for individual Ta values on the basis of the best fit (or the least residual). The optimization was constrained to the hypercube in parameter space. Hypercube was partition into lattice of cells, and local optimization Nelder-Mead (amoeba) algorithm was performed starting from the center of each cell. (Fig. 2) .
Morphologic Evaluation
The GRASP multiphase reconstructions from the 55 consecutive spokes with temporal resolution of approximately 10 seconds were evaluated on picture archiving and communication system (PACS; Phillips iSite, Foster City, CA) for each patient by a board-certified radiologist who was blinded to other acquisitions and prior examinations. The GRASP precontrast as well as multiple arterial and venous phase reconstructions were reviewed. The presence of focal liver lesion greater than 0.5 cm in size was assessed and marked. Furthermore, the enhancement pattern of these lesions on the GRASP acquisitions was also characterized as nonenhancing, arterial enhancing with washout, or lesion with persistent enhancement. This was compared with the interpretation of clinical MRI performed with Cartesian breathhold acquisition in patients who had prior studies available.
Statistical Analysis
The DIDC model parameters were compared between the patients with liver cirrhosis and those without liver cirrhosis using a nonparametric Mann-Whitney test. Spearman correlation was performed between model for end-stage liver disease (MELD) score and various estimates of liver perfusion such as arterial flow, arterial fraction (%ART), and hepatocellular uptake rate Ki. All reported P values are 2-sided, and statistical significance is defined as P < 0.05. Statistical Package for the Social Sciences (SPSS Inc) was used for all computations.
RESULTS
All patients were included in data analysis without exclusion of any subjects. Nine patients had liver cirrhosis with MELD score ranging from 7 to 14. Ten patients had no history of chronic liver disease and had no morphologic imaging features of liver cirrhosis.
Perfusion Parameters
The cirrhotic patients had significantly lower total plasma flow (F) to the liver (70.1 ± 10.1 versus 103.1 ± 24.3 mL/min per 100 mL; P < 0.05), lower portal venous flow (33.4 ± 17.7 versus 89.9 ± 20.8 mL/min per 100 mL; P < 0.05), and higher arterial perfusion fraction (52.0% ± 23.4% versus 12.4% ± 7.1%; P < 0.05) ( Table 1 ; Fig. 3 ).
The MTT was higher in the cirrhotic patients compared with noncirrhotic patients (24.4 ± 4.7 versus 15.7 ± 3.4 seconds; P < 0.05). There was no statistically significant difference in distribution volume of Gd-EOB-DTPA (Ve) between the 2 groups (29.6 ± 6.2 versus 28.5 ± 6.8 mL/100 mL; P = 0.465).
The hepatocellular uptake rate (Ki) was significantly lower in cirrhotic groups compared to non-cirrhotic group (3.03 ± 2.1 versus 6.53 ± 2.4 100/min; P < 0.05). However, hepatic uptake fraction (fi) although lower in cirrhotic (0.042 ± 0.029 versus 0.061 ± 0.026; P = 0.055) did not reach statistical significance.
There was a significant strong positive correlation between MELD score and arterial flow (r = 0.86; P = 0.003) and arterial fraction (r = 0.911; P = 0.001), as well as moderate negative correlation between Ki and MELD score (r = −0.63; P = 0.067).
Morphologic Interpretation
On GRASP interpretation, 4 lesions were noted in the cirrhotic patients: 1 cholangiocarcinoma, 1 cyst, and 2 dysplastic/regenerative nodules. In noncirrhotic livers, there were 19 lesions: 5 hemangiomas, 4 adenomas, and 10 focal nodular hyperplasia. The size of the lesions ranged from 0.6 cm to 3.3 cm. to generate faithful images from undersampled data to increase imaging speed. [26] [27] [28] [29] The recently developed GRASP technique synergistically combines CS, parallel imaging, and golden-angle radial sampling, with continuous acquisition in free breathing. 23 Although other methods to accelerate dynamic MR acquisitions have been proposed, [30] [31] [32] [33] GRASP has the advantage of acquiring high-spatial resolution images during free breathing with access to high-temporal resolution information from the same raw data. This method is therefore an ideal candidate for performing simultaneous morphologic and PWI of the liver without the need to suspend respiration. It also represents a promising new paradigm for clinical workflow on the basis of continuous comprehensive data acquisition with flexible spatiotemporal resolution tailored retroactively to clinical needs.
In this prospective study, patients undergoing clinically indicated MRI of the liver with Gd-EOB-DTPA were imaged with GRASP in free breathing. The continuously acquired data were retrospectively reconstructed with temporal resolution of approximately 10 seconds for morphologic clinical interpretation. 34 Using the same raw data, high-temporal resolution reconstructions (2.2-2.4 seconds) were performed by grouping smaller number of consecutive spokes. In a recent pilot study, high-resolution GRASP reconstruction with approximately 3-second temporal resolution was fitted to a pharmacokinetic model to estimate kidney function or glomerular filtration rate in 5 subjects. The GRASP estimate of glomerular filtration rate was shown to be within 7% of previously validated conventional Cartesian acquisition scheme. 34 Therefore, our aim was to test the suitability of the higher-temporal resolution GRASP data to generate various liver perfusion metrics using a DIDC model in healthy and cirrhotic livers.
Our results demonstrated significantly lower total plasma flow, lower portal venous flow, and significantly higher arterial fraction due to arterial buffer response in the cirrhotic patients when compared with the noncirrhotic patients. These values are in concordance with prior studies that used computed tomography (CT) and MR with extracellular agent for PWI of the liver. 4, 7, 9, [35] [36] [37] These results are encouraging because the liver perfusion metrics in our study are in the same range as those in prior studies despite differences in acquisition scheme, contrast agent, and model used. One of the unique advantages of our study was that the contrast dose and injection rate were identical to those used for the clinical examination; thus, liver perfusion metrics could be generated in every clinical case without the need for modifying clinical workflow.
Mean transit time was significantly higher in the cirrhotic patients compared with the noncirrhotic patients using hepatobiliary contrast agent and DIDC model. Hagiwara et al 7 also demonstrated higher MTTwith worsening fibrosis in patients undergoing MRI with extracellular contrast agent and a dual-input single-compartment model. Similarly, Van Beers et al 37 also demonstrated higher MTT in patients with cirrhosis using dual-input single-compartment model analysis of the CT perfusion data.
Gadolinium-ethoxybenzyl-diethylenetriamine pentaacetic acid is a liver-specific MR contrast agent that is eliminated roughly in equal proportions via the biliary and renal systems. 38, 39 It exhibits high T1 relaxivity in the liver and shows peak enhancement effects in the normal liver approximately 20 minutes after injection on T1-weighted MR images. [40] [41] [42] Studies have shown that the uptake into the hepatocyte occurs at a much faster rate compared with the excretion into the biliary system, which can potentially be neglected during the first 5 to 10 minutes after contrast injection. 43 Thus, a simplified DIDC model, as used in this study, may be appropriate to analyze the dynamic data after Gd-EOB-DTPA injection 25 during the first 5 minutes. A recent study by Sourbron et al 25 used a DIDC model to evaluate liver parenchyma and metastatic lesions with dynamic data acquired using Cartesian acquisition scheme with view-sharing technique. However, such a DIDC model has not been used to study perfusion changes in cirrhotic liver. Furthermore, view-sharing technique can improve temporal resolution but at the expense of image noise and temporal blurring. In our study, no view sharing was performed between dynamic frames. Motion across dynamic time frames also is less of a concern with radial acquisition scheme as proposed in our study. With the DIDC model, an additional parameter hepatocellular uptake rate or Ki is estimated, which, in our study, was significantly lower in the cirrhotic patients compared with the noncirrhotic patients. Furthermore, there was a negative moderate correlation between MELD and Ki, such that patients with higher MELD score had lower Ki. This interesting observation needs further evaluation.
The Ki likely reflects the uptake of the contrast agent in the functioning hepatocyte through organic anion-transporting polypeptide 8 (also referred to as OATP1B3) receptors. In our study, because the data are acquired only for 5 to 6 minutes after contrast injection, they do not evaluate the biliary excretion of this contrast agent from the hepatocyte to the bile ducts through the glutathione-S-transferase receptors. 38 Other models with imaging performed for a longer period have been proposed because these help to assess the excretory function of hepatocyte. [14] [15] [16] However, these models are difficult to implement in clinical practice because acquisition needs to be performed for a much longer period.
In this small study, all lesions seen on prior conventional breathhold acquisition were also seen on GRASP morphologic reconstruction with concordant enhancement pattern. However, a larger study performing head-to-head comparison of conventional Cartesian acquisition and multiphase GRASP acquisition for lesion detection and characterization is warranted.
One of the limitations of this feasibility study includes small numbers of patients examined. The relationship between the relative signal-intensity enhancement and gadolinium concentration c(t) was assumed to be linear because the gadolinium dose and concentration are relatively low. It should be noted that additional sequences (such as T1 mapping) can help to more accurately compute gadolinium concentration c(t). Lack of reference standard for liver perfusion metrics is a limitation. However, the perfusion metrics in the cirrhotic and noncirrhotic livers are in the range of expected values on the basis of prior CT and MR studies with extracellular contrast agents. The impact of CS reconstructions (compared with the Cartesian reconstruction) and the influence of different temporal resolution on liver perfusion metrics 44 need further investigation. Flexibility of GRASP reconstruction will permit such investigations in future studies.
In conclusion, we have proposed a method for simultaneous morphologic and perfusion-weighted MRI of the liver without additional contrast injection or acquisition time. Using a DIDC model, liver perfusion metrics can be generated, which are sensitive to expected changes of cirrhosis. This represents a promising novel paradigm for MRI of the liver with free-breathing data acquisition and flexible spatiotemporal resolution tailored to clinical needs.
